We propose an analytical model to evaluate three different methods for generating the optical four-level pulse-amplitude-modulation (PAM-4) signal with a standard silicon Mach-Zehnder (M-Z) optical modulator. With this model, we further use the uniformity of the modulation intervals as the metric to find the optimum operating points to achieve optical PAM-4 signals with uniform intervals for all three methods. We find that to achieve a uniform optical PAM-4 signal, the operating point for the single-arm-driving configuration needs to be farther away from the quadrature point compared with the other driving configurations. We characterize the optical PAM-4 signals generated by the three methods and verify the theoretical analysis using a fabricated 39.2 GHz silicon M-Z optical modulator. A 50 Gbaud optical PAM-4 modulation with open eye is successfully demonstrated using the silicon modulator.
Study on the Methods for Generating

Introduction
Silicon photonics has been considered as one of the most promising technology candidates for the next 400 GbE optical transmission platform [1] , [2] , in which various modulation formats have been proposed including on-off-keying (OOK), four-level pulse-amplitude-modulation (PAM-4), binaryphase-shift-keying (BPSK), quadrature-phase-shift-keying (QPSK) and 16-quadrature-amplitudemodulation (16-QAM) [3] - [15] . Hence a silicon optical modulator capable of different modulation formats in addition to OOK is desirable and expected to play an important role in such large bandwidth optical transmission system. For short distance data transmission, the PAM-4 format is more competitive. It doubles the data rate of the OOK using the optical devices with the same bandwidth, while no expensive optical coherent receiver is required for the detection of the optical PAM-4 signal. As a result, the PAM-4 signaling is becoming more and more popular, and different approaches have been developed to generate such signaling. Both silicon microring and Mach-Zehnder (M-Z) optical modulators can be used to generate optical PAM-4 signals [16] - [24] . However, suffering from the thermal instability, silicon microring optical modulators need the additional electrical circuit or thermal controller for wavelength shift compensation in transmitter design [25] , [26] . Consequently, the silicon M-Z optical modulator becomes the device of choice and has been intensively investigated by the researchers in this field. And various driving configurations have been reported for a silicon M-Z optical modulators to generate optical PAM-4 signals [19] - [24] .
Many previous efforts have focused mostly on a couple of performance metrics, the electrooptic bandwidth [27] , [28] and modulation efficiency [29] , [30] of the standard silicon M-Z optical modulators. In addition, some works [15] , [30] study the linearity of modulators and methods of generating PAM-4 signals. And most of them focus on one of the methods generating optical PAM-4 signal such as push-pull scheme or architectures consist of several modulators. However, the comprehensive comparison among the different methods of generating the optical PAM-4 signal with a single standard silicon M-Z optical modulator is lacked. Since the optical PAM-4 signal has four power levels, the uniformity of the modulation intervals is very critical to the signal integrity. To optimize the performance, we propose in this paper an analytical model that uses the uniformity of modulation intervals as a metric for performance evaluation of the standard silicon M-Z optical modulators. We apply such model to different driving configurations and search for their corresponding optimum operating points. We found that the optimized four power levels of the optical PAM-4 signal are different for different driving configurations. In addition, the optimum operating point shall be slightly lower than the 3-dB quadrature point for the standard silicon M-Z optical modulator with only one arm driven by the electrical PAM-4 signal. A 50 Gbaud optical PAM-4 modulation with balanced eyes is achieved using a fabricated silicon M-Z optical modulator.
Analytical Model
Figs. 1(a) and 1(b) show the schematic of a standard silicon M-Z optical modulator and three different methods to generate optical PAM-4 signals. In method A, two electrical OOK signals with different peak-to-peak voltages are used to drive the M-Z optical modulator. In method B, a singleended electrical PAM-4 signal is used to drive the M-Z optical modulator. In method C, a differential electrical PAM-4 signal is used to drive the M-Z optical modulator. Table 1 lists the peak-to-peak TABLE 1 Peak-to-Peak Voltages Applied to the Optical Modulators Driven by the Three Methods voltages applied to the optical modulators for the three cases. For a fair performance comparison of the three methods, we keep the total V pp applied to the two arms of the M-Z modulator to be the same.
The silicon M-Z optical modulator is designed using a computer aided design software with optimized PN doping profiles for its silicon electro-optic phase shifter. Fig. 1(c) shows the schematic of its cross section. The silicon rib waveguide is 220 nm in height, 400 nm in width and 70 nm in slab thickness. The p-doping and n-doping concentrations are 1 × 10 18 /cm 3 and 8 × 10 17 /cm 3 , respectively. Both the heavy p-doping and n-doping concentrations are 5.5 × 10 20 /cm 3 . Based on the doping profiles, we get the carrier distributions in the silicon electro-optic phase shifter under different bias voltages. With these carrier distributions, we then calculate the dependence of the effective refractive indices and propagation losses of the silicon electro-optic phase shifter under different bias voltages, as plotted in Fig. 1(d) . And finally, we get the transmission of the standard silicon M-Z optical modulator under different conditions with the M-Z model considering the phase and propagation loss change. Here, a working wavelength of 1550 nm is used.
We neglect the propagation losses of the 3-dB couplers and the undoped silicon waveguide in the analysis as they are very small compared to that of the doped silicon waveguides. We can then derive the electrical fields (E 1 and E 2 ) of the light in the two arms of the optical modulator and final output electrical fields (E out ) after electro-optic modulation and thermal phase tuning as follows:
where α(V) and n eff (V) are the loss coefficient and effective refractive index of the doped silicon waveguide under a bias voltage of V, respectively; E is the amplitude of the electrical field of the input light; L is the length of the doped silicon waveguide; is the phase shift introduced by the thermal tuning; and λ is the wavelength of the light in vacuum. Fig. 2(a) shows the transmission of a silicon M-Z optical modulator with an electro-optic phase shifter of 1 mm at 1550 nm when is 0. When the bias voltages applied to the two arms increase from (0 V, 0 V) to (8 V, 8 V) , the transmission increases from 0.7266 (−1.387 dB) to 0.8440 (−0.736 dB). The predicted loss reduction is about 0.651 dB, which agrees well with the experimental loss reduction of 0.7 dB (discussed later). We also measured the V π ·L of a real phase shifter to verify the predicted V π ·L. By measuring the transmission spectrum of the asymmetric Mach-Zehnder interferometer with 4-mm phase shifter under different bias voltages, we can achieve the spectrum shift under different bias voltages. Then we can calculate the phase shift under different bias voltages. Finally we can calculate the VπL under different bias voltages. We adopted V π ·L at 0 V to describe the modulation efficiency of the phase shifter [31] . The measured V π ·L is 0.8 V·cm when the phase shifter is biased at 0 V and the predicted V π ·L is 0.9 V·cm, which indicates that the parameters used in the above simulation are reasonable.
When the optical PAM-4 signal is generated using method A, its four power levels correspond to the four transmissions under four voltage states: (bias 1 -V pp1 /2, bias 2 -V pp2 /2), (bias 1 + V pp1 /2, bias 2 -V pp2 /2), (bias 1 -V pp1 /2, bias 2 + V pp2 /2) and (bias 1 + V pp1 /2, bias 2 + V pp2 /2). Bias j is the DC bias voltage applied to arm j and V ppj is the peak-to-peak voltage of the electrical signal applied to arm j . V pp1 and V pp2 are set to be 3.40 V and 1.70 V respectively, which are consistent with the following experiments. Fig. 2 (b) shows the transmissions of the silicon M-Z optical modulator driven by the method A when is 0.5π. The width and length of the box in the figure is 3.40 V and 1.70 V, respectively. The transmissions of the four corners of the box are the four power levels of the generated optical PAM-4 signal. The resulted intervals of the optical PAM-4 signal are 0.1492, 0.1016 and 0.1319, respectively, when the bias 1 and bias 2 are 1.70 V and 0.85 V, respectively. Clearly, the optical power intervals are not uniform. We hence change the bias 1 , bias 2 and to search for the most uniform power levels for the optical PAM-4 signal. We set the coefficient of variation (CV) of the intervals of the optical PAM-4 signal as the optimization target:
where S j is the j-th interval of the optical PAM-4 signal, μ is the mean of the three intervals. Fig. 2(c) shows the transmissions of the silicon M-Z optical modulator with a of 1.409π. When the DC bias voltages are set to: bias 1 = 2.77 V and bias 2 = 1.30 V, we can get the global optimum solution for the CV of the three intervals. Smaller the value of CV is, more balanced the intervals of the PAM-4 signal are. φ is denoted as the average value of the phase differences between the two arms for the maximum and minimum optical power levels, which is 1.505π here. For a typical optical modulation based on an M-Z interferometer, φ can be chosen to be 0.5π, 1.5π, 2.5π and so on. The intervals of the optical PAM-4 signal obtained are 0.1262, 0.1262, and 0.1262, respectively. And the CV is 1.364 × 10 −5 . Unfortunately in the verification experiment, the V pp1 and V pp2 cannot be set to 3.40 V and 1.70 V, respectively due to the limits of the electrical amplifiers used. So we calculate the intervals and CV when the V pp1 and V pp2 are slightly different. Table 2 shows the intervals and CVs when the V pp1 and V pp2 are changed and the DC bias voltages and are kept constant. When the middle interval is smaller than the others, the intervals can be more balanced by slightly increasing the V pp1 or decreasing the V pp2 under the driving conditions (bias 1 = 2.77 V, bias 2 = 1.30 V, = 1.409π). When the middle interval is larger than the others, the intervals can be more balanced by slightly decreasing the V pp1 or increasing the V pp2 under the same driving conditions.
In the experiment, we usually fix the DC bias voltages and change to tune the optical signal. So the DC bias voltages are set as: bias 1 = 2 V and bias 2 = 2 V to keep the electro-optical bandwidth of the two arms to be the same. And is tuned to find a place where the upper interval is close to the lower interval. Then we slightly change the V pp1 or V pp2 to balance the intervals. Fig. 2(d) shows the transmissions of the silicon M-Z optical modulator when is 0.506π. The intervals are 0.1321, 0.1106 and 0.1321, respectively, when the Vpp 1 and Vpp 2 are 3.40 V and 1.70 V, respectively, and the CV is 8.106 × 10 −2 . When the Vpp 2 is reduced to be 1.56 V, balanced intervals are obtained to be 0.1213, 0.1220 and 0.1214, respectively with a CV of 2.690 × 10 −3 . When the optical PAM-4 signal is generated using the method B, its four power levels correspond to the four transmissions under four voltage states: (bias 1 -V pp1 /2, bias 2 ), (bias 1 -V pp1 /6, bias 2 ), (bias 1 + V pp1 /6, bias 2 ) and (bias 1 + V pp1 /2, bias 2 ). In general, when driven by an electrical PAM-4 signal with balanced intervals, the intervals of the optical PAM-4 signal are imbalanced due to the nonlinear transmission of the silicon M-Z optical modulator, as depicted in the inset of Fig. 3(a) . So we first set the V pp1 to be 5.10 V and the middle interval of the electrical PAM-4 signal to be 1.70 V and search for a place where the upper interval of the optical PAM-4 signal is close to its lower interval. Then the middle interval of the electrical PAM-4 signal is adjusted to balance the intervals of the optical PAM-4 signal. Fig. 3(a) shows the transmissions of the silicon M-Z optical modulator with a of 1.225π. When the bias 1 and bias 2 are 3.05 V and 0.81 V respectively, the intervals are 0.1038, 0.1137, and 0.1038, respectively, and the CV is 4.376 × 10 −2 and the average phase difference φ When the optical PAM-4 signal is generated using method C, its four power levels correspond to the four transmissions under four voltage states: (bias 1 + V pp1 /2, bias 2 -V pp2 /2), (bias 1 + V pp1 /6, bias 2 -V pp2 /6), (bias 1 -V pp1 /6, bias 2 + V pp2 /6) and (bias 1 -V pp1 /2, bias 2 + V pp2 /2). Similar to the method B, the intervals of the electrical PAM-4 signal should be slightly imbalanced to make the intervals of the optical PAM-4 signal balanced. Firstly, we set V pp1 and V pp2 to be 2.55 V and the middle interval of the electrical PAM-4 signal to be 0.85 V. Fig. 4(a) shows the transmissions of the silicon M-Z optical modulator with a of 0.444π. When the DC bias voltages are set as: bias 1 = 2.58 V and bias 2 = 1.67 V, the intervals of the optical PAM-4 signal are 0.1230, 0.1277 and 0.1230, respectively. with a corresponding CV of 1.751 × 10 −2 and an average phase difference φ of 0.503π. When the middle interval of the electrical PAM-4 signal is changed to be 0.82 V, the intervals of the optical PAM-4 signal become balanced as 0.1246, 0.1246, and 0.1246, respectively, with a CV of 6.282 × 10 −6 . When the DC bias voltages are set as: bias 1 = 2 V and bias 2 = 2 V, we also calculate the intervals of the optical PAM-4 signal. Fig. 4(b) shows the transmissions of the silicon M-Z optical modulator with a of 0.505π. When both the V pp1 and V pp2 are 2.55 V and the middle interval of the electrical PAM-4 signal is 0.82 V, the optical intervals are 0.1251, 0.1254 and 0.1251, respectively, with a CV of 1.283 × 10 −3 . Table 3 lists the intervals of the optical PAM-4 signals generated by the three methods and their corresponding driving conditions. The intervals of the optical PAM-4 signal generated by the method B are smaller, and its modulation penalty is larger than those of the optical PAM-4 signals generated by the methods A and C. The balanced intervals of the optical PAM-4 signal generated by the method C is better than those of the optical PAM-4 signal generated by the methods A and B. However, the method A avoids the limitation of the electrical bandwidth in synthesizing the 
Device Fabrication and Experiment
In order to verify the model, we fabricate the silicon M-Z optical modulator using the standard fabrication process based on A * STAR's SOI platform [32] . An inverse taper is used as the coupling structure between the fabricated device and the lensed fiber with a spot size of 2.5 μm. We measured a coupling loss of 2.8 dB/facet. The doping concentrations are the same as those in the discussion above. Doping is followed by a rapid thermal annealing process. A layer of titanium nitride (TiN), which is 2 μm away from the layer of the waveguide, is used as the heater to tune , as well as the on-chip termination resistor to avoid the microwave reflection. The microwave coplanar waveguide is made of a layer of aluminum, which is 0.5 μm atop the layer of TiN and 2.5 μm away from the waveguide layer. Fig. 5(a) shows a picture of a fabricated silicon M-Z optical modulator with a 1 mm long phase shifter. The total insertion loss of the device is 8.4 dB, which includes a 1.2 dB propagation loss of the phase shifter, a 1.0 dB propagation loss of the waveguide, a 1.2 dB propagation loss of the two 3-dB couplers and a 5.6 dB of coupling loss. 5(b) shows the experimental setup for characterizing the electro-optic response and eye diagrams of the silicon M-Z optical modulator. The laser light is fed into the device after polarization controller. 1% of the modulated light is sent to a photodetector to monitor the intensity of the modulated light. The erbium-doped fiber amplifier is used to amplify the modulated light. After the tunable filter, the modulated light is fed into a digital communication analyzer to measure the eye diagrams. A lightwave component analyzer is used to characterize the electro-optic response of the device. A 30 GHz receiver and a real-time oscilloscope is used to record the waveform of the optical PAM-4 signal which is then used to calculate the bit rate error (BER) with an off-line digital signal processing program. The receiver consists of a PIN photodetector and a trans-impedance amplifier. At first, the sampled signal is normalized. After synchronization, the signal is equalized with training sequence aided time domain equalization. Then the signal is downsampeld to 2 samples per symbol. A finite impulse response filter extracted through the training sequence aided recursive least square algorithm is used to equalize the signal. After that, symbol decision is conducted and the bit error rate is calculated by error counting.
There are three amplifiers used to amplify the electrical signal. A linear amplifier (SHF 807) with 5.1 V pp output is used to generate the electrical PAM-4 signal for method B. Two nonlinear amplifiers (SHF 804M) are used to amplify the electrical OOK signal for method A and the differential electrical PAM-4 signal for method C. Although the nonlinear amplifier is not suitable for amplifying the electrical PAM-4 signal, we still can get reasonable quality electrical PAM-4 signal at relatively low output V pp like 2.55 V. Fig. 6 shows the electro-optic response S21 parameters (dBo) and radio-frequency S11 parameters of the fabricated device under a reverse bias voltage of 3 V (single-arm driven), which indicates an electro-optic bandwidth of 39.2 GHz. It should be noted that the S21 parameters is measured with We apply the three methods to generate the optical PAM-4 signal. Fig. 7(a) shows the 32 Gbaud eye diagram of the silicon PAM-4 optical modulator driven by the method A. The DC bias voltages and peak-to-peak voltages are set as: bias 1 = 2.77 V, bias 2 = 1.30 V, V pp1 = 3.40 V and V pp2 = 1.70 V. We can find that the intervals of the optical PAM-4 signal are imbalanced. Then we decrease the V pp2 from 1.70 V to 1.60 V, the intervals of the optical PAM-4 signal become more balanced, as shown in Fig. 7(b) , which are 1.17 mW, 1.36 mW and 1.17 mW, respectively. As the noise in the middle interval is much larger than the outer intervals, we make the middle interval slightly larger than the outer intervals. The 40 Gbaud eye diagram of the silicon PAM-4 optical modulator is still quite open, while the 50 Gbaud eye diagram of the silicon PAM-4 optical modulator is not so clear, which indicates that the device approaches its speed limitation. Fig. 8(a) shows the 32 Gbaud eye diagram of the silicon PAM-4 optical modulator driven by the method B. The DC bias voltages and peak-to-peak voltage are set as: bias 1 = 3.05 V, bias 2 = 0.81 V and V pp1 = 5.1 V. The middle interval of the electrical PAM-4 signal is set to be 1.60 V. We use an electrical combiner to mix two electrical OOK signals to generate the electrical PAM-4 driving signal. One of them is attenuated to be half in amplitude. The two signals are combined before fed into amplifier. The intervals of the obtained optical PAM-4 signal are 1.05 mW, 1.23 mW, and 1.05 mW, respectively. The average power of the modulated light generated by the method B is about 3 dB lower than that of the modulated light generated by the method A, which agrees reasonably well with the prediction (∼2.1 dB) of the model. We believe the 0.9 dB discrepancy is partially caused by the deviation of the bias voltages. And the actual modulation nonlinearity may exceed the simulated value which would result in larger deviation from the quadrature point. For example, if we improve the V pp , the average power will be improved and the difference of the operating point from the quadrature point will be reduced. The improved V pp makes the power swing falls more in the linear region. So the nonlinearity of the device affects the operating point when we use method B to generate the optical PAM-4 signal. Figs. 8(b) and 8(c) show the 35 Gbaud and 40 Gbaud PAM-4 eye diagrams of the optical PAM-4 signal generated by the modulator driven using the method B. −5 (method C), respectively. As we have discussed above, the intervals of the optical PAM-4 signal generated by the method B is smaller than the others. Smaller intervals lead to a worse signal-noise ratio and higher bit error rate at the receiver. So the BER of the optical PAM-4 signal generated by the method B is worse than the others.
Before applied to the modulator, electrical PAM-4 signal will typically be divided into streams of electrical OOK signals for the clock recovery to reduce the jitter [33] . After the clock recovery, two OOK streams are combined to form the electrical PAM-4 signal that is retimed. If we use method A to generate optical PAM-4 signal, the complexity in designing such electrical retiming and synthesizing circuits can be avoided. So when we pursue higher data rates, the method A has an advantage over the methods B and C in modulation speed as the bandwidth of electrical PAM-4 signal retimer/synthesizer is limited by the bandwidth of the electrical combiner, while optically synthesizing PAM-4 signal is free of such limitation. What's more, there are two cases when we consider the higher chirp introduced by the method A [34] . The modulator will be dominated by different chirps, positive or negative, for different operation points. And when the modulation is dominated by the negative chirp, the BER after transmission is better than the one dominated by the positive chirp. However, we do acknowledge the proper optimization in the electrical circuit design of electrical PAM-4 signal synthesizing, the signal integrity of the optical PAM-4 signals generated by the method B and method C could be improved.
Conclusions
In conclusion, we propose an analytical model to evaluate three different methods of generating the optical PAM-4 signal with a standard silicon M-Z optical modulator. With the model, we identify and quantify the intervals of the generated optical PAM-4 signals, the optimum optical operating points and the CV of the intervals. We find that to achieve a uniform optical PAM-4 signal, the optimum operating point of the method B is farther away from the quadrature point compared with the other driving configurations. We characterize the optical PAM-4 signal generated by the three methods using a real fabricated 39.2 GHz silicon M-Z optical modulator. The results are consistent with the modeling estimates. The method A has an advantage over the methods B and C in modulation speed, evidenced by the fact that it achieved 50 Gbaud while the other two methods can only reach 40 Gbaud without additional optimization in electrical drivers.
